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Abstract
A balanced water-cooled calorimeter is designed and implemented for electromagnetic
power loss measurement of a 37 kW induction motor. The electromagnetic losses of
the induction motor are measured at different loads and no-load.
In order to meet the IEEE 841 Standard, the ambient temperature for the test
motor must not exceed 40 ◦C. The efficiency for the test motor is 92%, and it is
expected the upper limit for the power loss of the test motor is not higher than 3.7
kW. It is approved, the calorimeter is feasible to measure power loss up to 4 kW,
while the air temperature in the chamber, near to the test object, is less than 40 ◦C.
Two calibration curves, one with 2 Lmin and another one with 5
L
min cooling flow
rate are made conducted with a balance heater for the 37 kW induction motor. The
first calibration curve is assigned for the total loss up to 2.5 kW and the latter for
losses ranging from 2.5 to 4 kW. Using the calibration curves, reduce the balanced
calorimetric measurement by almost 6 hours.
A heat-compensation method for the shaft heat-leakage is suggested and employed
when the test motor is coupled with a loading machine. Experiments at no-load
show the highest heat-leakage is due to the shaft heat-leakage. The uncertainty of
the calorimetric measurement is 2.4% when the load torque is 201 Nm.
Keywords Calorimetry, induction motors, measurement techniques, power
measurement
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7Symbols and Abbreviations
Symbols
α Temperature coefficient of a material
α Uniform distribution of error
η Efficiency
∆Qb Rate of thermal energy during balance test
∆Qin Absolute error in input power
∆Qloss Absolute error in total power
∆Qout Absolute error in output power
∆Qt Rate of thermal energy during actual test
∆T Temperature difference
∆Tmax Maximum temperature rise
Θ Temperature
Θamb Ambient temperature
ΘCham Chamber’s average temperature
Θ0 Temperature at initial time
Θ∞ Temperature at infinite
λ Thermal conductivity
ρ Conductor resistivity
ρ Density
ρ0 Conductor resistivity at reference temperature
σ Material conductivity
τth Thermal time constant
ω Angular frequency
a Number of turns of a winding
A Surface area
Cp Specific heat capacity
Cp,air Specific heat capacity of air
Cp,W Specific heat capacity of water
d Width
I Stator line current
IPh Stator phase current
Ir Rotor current per phase
It Test current
K Thermal conductivity
KRu Resistance factor
L Length of thermal conductor
lc Length of winding
M Torque
Nr Mechanical rotor speed
Ns Synchronous speed
Pc Constant losses
8PCable Cable loss
Pcoolant Coolant power
Pem Electromagnetic loss
Pfe Core losses
Pfw Friction and windage losses
Pfan,hex Heat-exchanger fan’s loss
Pfan,res Balance heater’s fan loss
Pin Input power
Pin,s Input power to the motor while the rotor is removed
Ploss Total motor loss
Pm Mechanical power to drive the rotor without applied voltage to the stator
Pmech Mechanical output power
Pnl No-load power loss
Pout Output power
Pr Rotor loss
Prr Input power during the rotor reverse test
Pres Balance heater loss
Ps Stator loss
PSL Stray load losses
PSLr High frequency stray load losses
PSLs Fundamental stray losses
Psn Stator windings losses at no-load
Ptotal Total power loss
Pvent Ventilation loss
PW Power absorbed by water
Pwall Wall heat-leakage
Q Heat
Q˙ Rate of heat transfer
Q˙air Rate of thermal energy of air
Q˙W Rate of thermal energy of water
qb Total heat-leakage during the balance test
qb−holes Heat-leakage of holes during the balance test
qb−shaft Heat-leakage of shaft during the balance test
qb−walls Heat-leakage of walls during the balance test
qcond Shaft heat-leakage due to the conduction at 5 Lmin
q′cond Shaft heat-leakage due to the conduction at 2 Lmin
qt Total heat-leakage during actual test
R Resistance of a conductor
RAC AC resistance of stator
RDC DC resistance of stator
Rr Rotor resistance
Rt1 Stator resistance at t1temperature
Rt2 Stator resistance at t2temperature
S Surface area
sa Slip at temperature ta
9sb Slip at the specified temperature tb
Sc Cross section area of a conductor
T temperature
tb Specified temperature
Tin Inlet water temperature
Tin,Max Maximum input temperature
Tin,Min Minimum input temperature
TK Conductivity expressed as varying percentage of IACS
To Outlet water temperature
Tr Temperature rise
T0 Reference temperature for a conductor
T1 Shaft temperature before passing the wall
T2 Shaft temperature after insulation
V˙ Water flow rate
Abbreviations
AC alternating current
DC direct current
IACS International annealed copper standard
IE International efficiency
Pt Platinum
SynRM Synchronous reluctance motor
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1 Introduction
The dissipated heat of the electric motors are equivalent to their power losses, and
a calorimeter measures the loss or the the generated heat produced by the electric
motors directly. The uncertainty of measurement in input-output method, the most
common power loss measurement method, is high and not satisfactory at high efficient
motors. Worth mentioning, there is no standard method to determine the efficiency
for SynRM and other machines fed by converter[1]. In addition, it is estimated
that electric motor- driven systems account for between 43% and 46% of all global
electricity consumption[2]; therefore, electric motors are regarded as one of the most
significant loads in the grid. So, it is beneficial and necessary to study and implement
other methods to verify the power loss measurements of the electric motors.
Unlike the input-output method, the calorimetry is not dependent on efficiency
and the power range of the electric motors. Open-cycle air cooled calorimeters are
the most common calorimeters utilized for loss measurement of the electric motors
due to its simple structure and shorter response time comparing to the other types
of the calorimeters. However, air as coolant has more variation in heat capacity and
density at different temperatures comparing to water. Water is used as coolant in
the designed balanced calorimeter.
Thesis structure
– Chapter 2 Literature review of the losses and approaches to measure and
calculate the loss components of the induction motors.
– Chapter 3 Literature review of the input-output and calorimetry methods for
loss measurements, and study the classification of the calorimeters.
– Chapter 4 Outline the structure of the balanced calorimeter, and principle of
the calorimeteric measurements.
– Chapter 5 Experiments to verify the balanced calorimeter while construction
– Chapter 6 Outline the calorimetric and input-output measurement results for
the 37 kW induction motor
– Chapter 7 Conclusions based on the observations and results, and new sug-
gestions for the water circuit of the water-cooled calorimeters
Objectives
– Design, construct and calibrate the balanced water-cooled calorimeter for the
37 kW induction motor
– Measure the electromagnetic losses of the 37 kW induction motor throught the
calorimeter
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2 Losses in Induction Motors
Total loss in the induction motors are divided into two groups of constant and load
losses[3]. The first includes the core and friction and windage losses which are not
varied by the load, and the latter includes stator and rotor winding losses and stray
losses which are increased by the load increment. The core and the friction and
windage losses can be measured based on the no-load test [4].
2.1 Stator Winding Losses
The stator winding losses are due to the resistive copper losses[5]. The resistance
of each phase of the 37 kW induction motor is measured at stand still through four
wire method [6]. The DC resistance of the motor can be measured, using a current
source and a voltmeter [7]. The resistive stator winding losses increase due to the
temperature rise at full load. The dc resistance at the steady state temperature can
be expressed as:
Rt2 = Rt1(1 + α(t2 − t1)) (1)
where Rt2 is the stator resistance at steady state temperature, Rt1 is the DC stator
resistance at stand still, and α is the temperature coefficient of copper. In addition,
the dc winding resistance is relying on the total length lc , number of turns of windings
a, the cross section area of the conductor Sc, and the conductivity of the conductor
material σ [8]. The DC winding resistance is expressed as:
RDC =
lc
σcaSc
(2)
In order to calculate the AC resistance, the DC resistance can be multiplied
by a winding resistance factor kRu. The winding resistance factor depends on the
dimension of a slot, dimension and number of subconductors in a slot [8].
RAC = RDCkRu (3)
Stator winding losses increase due to the skin effect in the end windings and slots.
Moreover, there are eddy current losses in the stator windings which are relying on
the distance of the air gap to the windings and high frequency harmonics if the motor
is fed by a frequency convertor [9] . The highest portion of losses, almost 41 % of
total loss, takes place in the stator windings resistance in the cage induction motors
[5] . The stator losses can be expressed as:
Ps = 3RDCI2ph (4)
where Iph is the phase current in the stator windings.
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2.2 Rotor Winding Losses
The squirrel cage rotor entails a cylindrical laminated steel core, and axial slots to
carry the conductor bars, and the bars are connected to each other by the end rings
[10] . The induced current flow produced by the fundamental flux in the rotor cage
resistance including the bars and the end rings brings about the rotor or slip losses.
The rotor losses or the slip losses can be expressed as [5] :
Pr = 3RrI2r (5)
where Pr is the rotor power loss,Rr and Ir are the total rotor resistance and the rotor
current per phase respectively. The cage rotor resistance cannot be measured [5].
Alternatively, the rotor losses can be expressed:
Pr = (Pin − Ps − Pnl)s (6)
where Pin and P rms are the input and the resistive stator power losss at any load [5]
, Pnl is power loss at no-load, and s is the slip. The slip can be can be calculated by
the following equation:
s = Ns −Nr
Ns
(7)
where Ns is the synchronous speed and Nr is the mechanical rotor speed. The slip
may change by the temperature increment; hence, the slip is measured when the
stator windings temperature reach the specified temperature according to the IEEE
Std 112. The specified temperature is the measured temperature rise of a resistance
at the rated load plus 25◦C. Also, the specified temperature can be determined by
the windings insulation class. The slip at the specified temperature can be expressed
[11]:
sb =
sa(tb + Tk)
t + Tk
(8)
where sb is the corrected slip at the specified temperature tb,sa is the measured slip
at the stator temperature ta,and Tk is 234.5 for 100% IACS conductivity of copper,
and 225 for 62% IACS conductivity of aluminium.
2.3 Constant Losses
The constant losses are losses which are not varied by load; therefore, they can be
determined by their no load values. The constant losses include core, friction and
windage losses. The difference of the input power and the stator resistive losses at
no-load test defines the constant losses.
Pc = Pin − Psn = Pfw + Pfe (9)
Where Pc is the constant losses, Pin is the input power, Psn is the stator windings
resistive losses at no-laod, Pfw is the friction and windage losses, and Pfe is the core
losses.
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In order to estimate the friction and windage losses, the voltage must be reduced
progressively from rated to a lowest voltage level at no-load, while the rotor runs
at its rated speed. The power loss value which corresponds to the extrapolated
power at zero voltage is regarded as the friction and windage losses in a curve made
by the measured constant power losses points as a function of the squared voltage
at no-load test[12]. The subtraction of the constant losses from the friction and
windage losses when the voltage range is 90% to 110% of the rated voltage at no-load
derives the core losses[12]. In addition to the no-load test at variable speed, there is
a method called retardation test which also estimates the friction and windage losses
in the electrical machines. In the latter test, the motor is supplied by a synchronous
generator. The motor runs at no-load to stabilize the bearing temperature. Initially,
the motor runs at a rotational speed slightly higher than the rated speed, then the
test motor is disconnected from the synchronous supplier. During deceleration of the
rotor, the rotational speed is measured and recorded progressively. A curve of speed
as a function of time is plotted. The friction and windage loss can be estimated by
having the time derivation of rotational speed and the moment of inertia of rotor[13].
2.4 Stray load losses
Stray load losses are parts of the total loss of the electric machines that are neglected
in the stator, rotor, core, friction and windage losses. Stray load losses are due to
current linkage harmonics, permeance harmonics produced by the stator windings,
stator and rotor slots, and saturation harmonics in the core lamination[12]. It can
be calculated indirectly as the following equation:
PSL = Pin − Pout − Ps − Pr − Pfe − Pfw (10)
The stray load losses at fundamental frequency can be measured by a rotor removed
test and applying balance voltage to the stator. The difference of a rotor removed
input power and the I2R stator losses describes the stray losses at fundamental
frequency as the following equation :
PSLs = Pin,s − Ps (11)
where Pin,s is the input power to the motor while the rotor is removed.
The stray load losses at high frequency can be measured by a reverse rotor test.
The rotor is driven by an external mover at or near the synchronous speed at the
opposite direction of the rotation of the stator magnetic field, and the input power is
measured. In the rotor reverse test, the needed mechanical power to drive the motor
is measured without current and with a test current. The high frequency stray loss
component is expressed as :
PSLr = (Pr − Pm)− (Prr − PSLs − Pin,s) (12)
where Pr is the mechanical power required to drive the rotor in the opposite direction
of the rotation of the magnetic field while a test current is applied to the stator, Pm
is mechanical power to drive the rotor without applied voltage to the stator, Prr is
16
the input power during the rotor reverse test. The test current for the two tests is
defined as:
It =
√
(I2 − I20 ) (13)
where It is the test current at two tests,I2 is stator line current at which the stray
load loss is to be determined, and I0 is the average of no load line currents at
rated voltage. The summation of the fundamental and high frequency stray loss
components indicate the stray load losses in the electrical machine.
PSL = PSLs + PSLr (14)
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3 Measurement Methods
3.1 Input-Output Method
The most common approach to measure the total loss of the electric motors is the
input-output method. It can be expressed as [14]:
Ploss = Pin − Pmech (15)
where Ploss is the total power loss,Pin is the active input power, and Pmech is the
mechanical output power. A power analyser measures the electrical input power.
The mechanical output power is expressed as:
Pmech = Tmechω (16)
where Tmech is the mechanical output torque which is measured via a torque transducer,
and ω is the rotational speed of the shaft. Efficiency is the ratio of the output to
input power, and can be expressed by the three following equations[15]:
η = Pout
Pin
(17)
η = 1− Ploss
Pin
(18)
η = 1
1 + Ploss
Pout
(19)
Since 2009, for the squirrel cage induction motors with two, four and six poles, and
rated power ranging from 0.75 to 375 kW three efficiency classes are proposed: 1)
IE2-high efficiency 2) IE3-premium efficiency 3) IE4-super premium efficiency. Since
2017, all the motors ranging from 0.75 kW to 375 kW must meet IE3 efficiency
class[16].
Figure 1: IE efficiency classes for 4-pole motors at 50 Hz[17]
Figure 1 shows the IE efficiency classes for four-poles motors at 50 Hz with respect
to the output power.
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The maximum relative error in the input-output method is expressed as[18]:⏐⏐⏐⏐⏐∆PlossPloss
⏐⏐⏐⏐⏐ < 11− η (
⏐⏐⏐⏐⏐∆PinPin
⏐⏐⏐⏐⏐+
⏐⏐⏐⏐⏐∆PoutPout
⏐⏐⏐⏐⏐) (20)
where ∆Ploss is the absolute error in total power, ∆Pin is the absolute error in input
power, and ∆Pout is the absolute error in output power .With the trends and the
interests of increasing the efficiency in the motors, the maximum relative error for the
total power loss measurement corresponding to the input-output method is relatively
high.
3.2 Calorimetric Method
Calorimetric method is an approach to measure the power loss directly through the
dissipated heat [19]. Hence, the power loss measurement in this method is not relying
on the efficiency and the power range of the electric motors[20]. Figure 2 illustrates
Figure 2: Comparison of calorimeter and input-output methods due to measurement
errors [21]
the calorimeter’s relative error is not changing by the efficiency variations, while the
more efficient motors lead to more uncertainty in the power loss measurement in the
input-output method. In addition, Figure 2 illustrates the maximum relative error
of the input-output method at various instrumentation accuracies.
The induction motor or the test object is placed in an enclosed chamber, and a
coolant flows into the chamber, absorbs the heat produced by test object, and flows
out. The coolant power in the steady state is equivalent to the power loss of the test
object, and can be expressed as:
Pcoolant = V˙ (Cp2ρ2T2 − Cp1ρ1T1) = Ploss (21)
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where V˙ is the volumetric flow rate in m3
s
, Cp is the specific heat capacity in JKg◦C , ρ
is the density in Km3 , and T is the temperature in
◦C of the coolant. Subscripts 1 and
2 refer to the entry and exhaust of the chamber respectively. If the heat capacity
and density of the coolant are constant at the entry and the exhaust of the chamber,
the coolant power is expressed as:
Pcoolant = V˙ (Cpρ∆T ) = Ploss (22)
3.3 Classification of Calorimeters
Generally speaking, calorimeters are divided in two groups. First, direct calorimeter
which measures the produced heat by the test object directly. Second, indirect
calorimeter which is conducted by a reference heater, and the calorimeter determines
the input power of the reference heater which produces the same temperature rise in
the coolant as the test object. The input power of the reference heater represents the
power loss in the test object. There are two types of direct calorimeters, gas-cooled
open calorimeter and fluid-cooled closed calorimeter. Furthermoer, The indirect
calorimeter is divided into two types. They are called balanced calorimeters and
series calorimeters respectively.
3.3.1 Gas-Cooled Open Calorimeter
The coolant for the open calorimeter is gas, usually air. The air absorbs the produced
heat of the test object with low response time[22]. Also, it has a simple structure,
and a heat-exchanger is not needed[23]. Nevertheless, the air properties such as heat
capacity and density significantly change with the variation of pressure, temperature
and humidity which bring about variation in the thermal energy of the coolant;
therefore, high precision, expensive instruments and temperature equalizers are
necessary for accurate power loss measurements[23]. [22] designed a gas-cooled open
calorimeter for electrical machines rated up to 300 kW with 0.2% uncertainty. Figure
3 illustrates the open calorimeter.
Figure 3: Direct: open calorimeter[19]
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3.3.2 Liquid-Cooled Closed Calorimeters
Usually water is used as a coolant in the liquid-cooled, closed calorimeters. Water
heat capacity and density change less than those of air with respect to temperature
and pressure . In this type of calorimeter, first, the generated heat is transferred
to the air, then the air heat is transferred to the water through a heat-exchanger
and fans; therefore, the presence of the heat-exchanger is neccessary in this type of
the calorimeter, since the coolant passes in the calorimeter via the heat-exchanger.
The response time of the liquied-cooled calorimeter is longer than the air-cooled
calorimeter due to the mentioned heat transmission processes. Nevertheless, the
accuracy of the heat measurement in the water cooled calorimeter is higher than the
air cooled type due to less variation of water properties such as heat capacity and
density at different temperatures and higher thermal conductivity of water.
Figure 4: Direct: closed calorimeter[19]
3.3.3 Balanced Calorimeters
Two tests are employed in this type of calorimeters. The first test is conducted with
the test object, and the second one is conducted with a reference heater. If the
mass flow of the coolant and the heat-leakage are equal, the active input power for
a reference heater which produces the same temperature rise in the coolant as the
test object, represents the power loss of the test object. Hence, balanced calorimeter
eliminates the need for accurate measurement of the coolant properties. Nevertheless,
having two tests prolongs the duration of the power loss measurement in the balanced
calorimeters. Furthermore, the assumption of the equal heat-leakage in the two
test could not be true, as the dimensions of the reference heater and the test object
are not equal, and they have different heat distributions. Figure 5 illustrates the
balanced calorimeter. [24] reports a designed air cooled balance calorimeters for a 37
kW induction motor for maximum power loss up to 3 kW with 0.4 % uncertainty of
measurement.
3.3.4 Series Calorimeter
Series calorimeter is also called double-chamber calorimeter, since two similar cham-
bers are connected to each other. In this configuration, one chamber contains the
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Figure 5: Indirect: balanced calorimeter[19]
Figure 6: Indirect: series calorimeter[19]
test object, and the latter contains the reference heater. First, the coolant passes
through the chamber where the test object is placed, then coolant passes through the
second chamber where the reference heater exists. The input power of the reference
heater is controlled and set to reach the same temperature rise in the coolant as the
first chamber where the test object is placed. Like the balanced calorimeter, series
calorimeter eliminates the need of accurate measurement of the coolant properties,
as the active input power is regarded as the power loss of the test object. Also, the
duration of calorimetric measurement is reduced by half comparing to the balanced
calorimeter. Nevertheless, the heat-leakage in the two chambers would not be the
same, since not only the reference heater and test object may not have the same heat
distribution, but also the coolant temperature is not the same in the two chambers;
hence, the coolant properties in the two chambers are not the same. Figure 6 illus-
trates the series calorimeter. [25] reports a series air-cooled calorimeter designed for
a 7.5 induction motor and power loss up to 1 kW with 1.5% uncertainty.
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4 Calorimetric Experimental Setup
In a water-cooled calorimeter, the heat is transferred to air from the test motor,
then from air to water through the heat-exchanger. In steady state, the thermal
energy of water and air are equivalent as it is shown in the following equations if the
effectiveness of the heat-exchanger is unity, and the heat completely transfers from
air to water. Effectiveness indicates the heat-exchanger’s performance.
Q˙air = Q˙W (23)
V˙airρairCp,air∆Tair = V˙WρWCp,W∆TW (24)
In equations 23 and 24, subscript W represents water. Figure 7 illustrates the top
Figure 7: Top view of the water-cooled balance calorimeter layout[26]
view of the water-cooled balanced calorimeter, the layout includes the test motor,
the loading machine, reference heater, water control circuit and a chamber. The test
motor and the reference heater are placed symmetrically and the heat-exchanger is
situated in the middle.
4.1 Chamber
The inner dimensions of the chamber are 140 × 120 × 140cm where the reference
heater, test motor, and the heat-exchanger are located. In order to prevent having hot
spots in the inner surface of the walls, and have homogeneous temperature, the inner
surface of the walls are coated with aluminium sheets with thickness of 1 mm, since
aluminium’s thermal conductivity is 205 WmK , which is high. The thickness of each wall
is 150 mm, and the walls are made out of polyurethane. The thermal conductivity of
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polyurethane is 0.023 WmK , which is relatively low. There is a heat-leakage across the
walls due to the temperature difference between the ambient and the inner surface
of the walls. Heat-leakage of a wall can be expressed as :
Pwall =
∆TnλS
d
(25)
where∆Tn is the temperature difference across the walls, λ is the thermal conductivity
of the material, S is the surface area, and d is the width of the walls respectively.
4.2 Flow Rate controller
A high Precision LCR-Series Alicat flow rate controller is used to control the water
flow for the calorimeter. It can control the liquid flow rate up to 5 Lmin , the maximum
applied liquid pressure is up to 689 kPa, and the recommended applied liquid pressure
according to its manual is 20-30 psig; therefore, a pressure regulator sets the applied
water pressure to the flow rate controller[27]. For the upstream of the flow meter,
Figure 8: LCR-Series Alicat liquid flow rate controller[27]
there is a 20 micron filter, which is recommended to be maintained, and exchanged
when there are sediments.
4.3 Heat-Exchanger and Fan
As discussed before, in water-cooled calorimeters, the heat-exchanger exists, and its
role is to exchange the heat from air to water. The airplex GIGANT with copper
fins heat-exchanger is utilized. The dimensions are 310 x 310 x 960 mm, and water
pressure up to 0.8 bar is permissible. A centrifugal fan is mounted on the top of the
heat-exchanger as it can be seen in Figure 9.
4.4 Test Motor
The test motor is a 37 kW fan-cooled cage induction motor with efficiency of 92%.
The test motor is coupled with a 45 kW induction machine. The motor fan air flow
rate is estimated 0.17 m3s . The test motor rated values are written in Table 1.
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Figure 9: Heat-exchanger and the cetrifugal fan
Table 1: Rated values of the test motor
Power Voltage Current Cooling speed Pole pair P.F.
37 kW 380 V 72 A TEFC 1470 rpm 2 0.84
4.4.1 Test Motor Protection
In order to fulfill the IEEE 841 Standard, the environment temperature of the test
motor should not exceed 40◦C[28], since insulation life drops by half for each 10
◦C of overtemperature; therefore, a temperature relay is added to the set-up, a
thermocouple sensor is suspended from the ceiling of the chamber on the top of the
test motor to measure the air temperature with almost 20 cm distance from the
test motor, and conveys the feedback to the temperature relay. There is a set-point
for the temperature relay, and if the thermocouple measures temperature over 40C,
the relay will be open circuit to turn off the test motor.The thermocouple is not as
accurate as Pt-100 sensor; nevertheless, the thermocouple response time is shorter
than Pt-100 sensor. So, it sends the feedback quicker than Pt-100 sensor.
4.4.2 Measuring Motor’s Friction Loss
The test motor’s friction and windage loss Pfw can be estimated with a separate test at
no load. Initially, the test motor is supplied with the rated voltage, then the supplied
voltage is reduced progressively step wise. At the corresponding voltages, the active
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power and speed are recorded. Reducing the supplied voltage contributes to reduce
the current, and as a result, the input power will drop. The speed remains at the
rated speed at all the measured points. At some points of the measurements, when
the supplied line voltage is low, ranging from 30 V to 40 V, the active power remains
constant, at these points the current is too low to magnetize the core; therefore, the
motor’s core losses and resistive losses can be neglected. When the test motor is
supplied by the low voltage, the rotational speed of the motor is still constant around
1500rpm, indicating the slip is close to zero. Figure 10 shows the non-linear fit of
Figure 10: No-load loss as a function of voltage
the total power loss as a finction of line voltage. The star points show the measured
points with the respect of the recorded powers and voltages, and the dashed blue line
represents the friction and windage loss which remains constant at no load ranging
from rated to very low 30V voltage.
Figure 11 shows the power loss as a function of squared voltage, the red line
illustrates the linear fit of the measurement, and the initial point of the linear fit is
the estimation for the friction and the windage loss at the no-load when an additional
shaft and the two bearing houses are not coupled with the test motor. Therefore,
the windage and the friction loss is 137 W.
4.4.3 Bearing House
Two bearing houses are required to keep the additional shaft as it is shown in figure
12. One bearing house is located inside the chamber, and the second one is fixed
by an aluminium stand outside of the chamber. It is expected that the friction and
winadage losses of the test motor increase due to the bearing friction losses. So, the
26
Figure 11: No-load loss as a function of squared Voltage
friction and windage losses of the test motor is measured, while the test motor is
coupled with the bearing houses.
Figure 12: side view of the layout inside the chamber
Measuring the input power by a watt-meter is reliable, as the test motor is not
loaded. The input power is sampled and recorded at the corresponded voltages
shown in Figure 13. Comparing Figures 10 and 13 proves the friction and windage
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losses are increased when the bearing houses are added to the set-up. It is estimated
the friction and windage loss is 293.5 W shown in Figure 14. The difference of the
friction and windage loss when the test motor is coupled and not coupled with the
bearing houses is 155.9 W. The friction loss for each bearing house is roughly 77.95
W, since bearing houses are identical. These measurements must be done when the
bearing houses’s temperatures are stabilized.
Figure 13: No-load loss as function of voltage when the additional shaft is coupled to
the test motor through the bearing houses. Comparing Figures 13 and 10 shows the
friction and windage losses are increased due to the additional shaft and the bearing
houses.
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Figure 14: No-load loss as function of squared voltage when the additional shaft is
coupled to the test motor through two bearing houses.
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4.5 Water Circuit
The inlet water temperature must be kept constant during the long period of the
calorimetric measurement, then the outlet water temperature indicates the tempera-
ture rise and the rate of thermal energy of water. Keeping the inlet water temperature
constant which gets into the heat-exchanger inside the chamber is challenging, as
the inlet water is supplied by the tap water with relatively high water flow rate, and
the tap water temperature might vary during the calorimetric measurement. Figure
15 illustrates the inlet water circuit block diagram.
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Figure 15: Block diagram of inlet water circuit
Water passes copper pipe and gets into the calorimeter. A Pt-100 sensor measures
the copper pipe temperature and sends a feedback to the temperature controller.
The user sets the setpoint temperature for the temperature controller, and the
temperature controller adjusts the input power for the water heater in a way to
obtain the desired and constant water temperature. Table 2 shows the required
Table 2: Needed power for 1◦C Temperature Rise with respect to the flow rate
Flow Rate(LPM) Required Power(W)
5 348.33
4 278.67
3 209
2 139.33
powers which are needed to be supplied by the water heater to increase the water
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temperature by 1◦C corresponding to the water flow rates. Assuming water density
ρ is 1 kgm3 and the heat capacity of water Cp is 4.18
kJ
kgK .
The maximum active power for the water heater, utilized in the inlet water circuit
is 1140 W. The maximum water temperature rise by the 1140 W water heater at
different water flow rates are listed in Table 3, assuming ρ is 1 kgm3 and Cp is 4.18
kJ
kgK
respectively. Table 3 shows, reducing the water flow rate contributes to increase the
Table 3: Maximum water Temperature Rise by the water heater at different water
flow rates
V˙ ( L
min
) ∆Tmax
5 3.27
4 4.1
3 5.45
2 8.2
water temperature rise.
Determination of setpoint temperature
The inlet water temperature setpoint must be set higher than the tap water temper-
ature at any water flow rates to inhibit the changes in the inlet water temperature.
Table 4 shows the inlet water temperatures at two conditions. The second and third
columns show the water temperatures in the steady state when the water heater
is off, and the water heater is operating with its maximum power respectively at
different water flow rates. The difference between these two measured temperatures
represents the maximum water temperature rise at different water flow rates which
can be provided by the water heater.
Table 4: Maximum and minimum inlet water temperatures at different water flow
rates
V˙ ( Lmin) Tin,Min(
◦C) Tin,Max(◦C) Tr
5 8.4 11.1 2.7
4 8.5 12.5 4
3 9.1 14.4 5.3
2 9.9 17.9 8
The inlet water temperature entering to the calorimeter must not be affected by the
tap water temperature, which can change over seasons, months, even days and nights.
In order to obtain a constant inlet water temperature, the set point temperature must
be made in the range of the aforementioned conditions; meaning that the set point
temperature must be greater than the measured inlet water temperature without
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water heater and lower than the measured inlet water temperature when maximum
power of the water heater is applied. The inlet water temperature range should be
specified at different climates and seasons.
4.6 Cable Connections
The cable connections for the test motor and the reference heater in the chamber
generate heat due to their resistive losses. All the elements which lead to produce
heat in the chamber must be taken into account in the calculations and measurements.
Resistance of a conductor can be expressed as:
R = ρ(L/A) (26)
where R is the resistance of the conductor in (Ω), L is the length of the conductor
in (m), A is the cross section area of the cable in mm2, and ρ is the resistivity of
the copper in (Ω.m). The resistivity of the copper, the material which is used in
the cables, can be changed at different temperatures. The temperature of the cables
can be measured via the thermal camera, and the resistivity of conductor can be
calculated based on the following equation.
ρ = ρ0[1 + α(T − T0)] (27)
where ρ is the resistivity of the conductor at temperature T, ρ0 is the resistivity of
the conductor at a reference temperature, the reference temperature T0 is assumed
20◦C, α is the temperature coefficient of the conductor, which is equal to 0.004041 for
the copper at 20◦C, and T is the conductor temperature, measured by the thermal
camera from the joints of the cables shown in Figure 16. When the resistance of the
cables are determined according to the mentioned procedure, the resistance of each
cable can be multipiled by their squared current phase measured by the watt-meter.
PCable = RI2ph (28)
where, PCable is the power loss of the cable, Iph is the phase current.
4.7 Reference Heater
The rated power and voltage are 6 kW and 400 V respectively for the three phase
Remko Elkomat electric heater, which is used as a reference heater. The reference
heater entails a temperature relay, and it will be open circuit if the ambient temper-
ature exceeds the certain set-point value, which is set by a user. In addition, the
reference heater has its own fan. Whether the heater heats up or not, the heater’s
fan can run, and can operate individually. Air flow rate for the heater’s fan is 0.14m3s .
An auto-transformer controls the input voltage, and Fluke NORMA 5000 measures
the power loss of the reference heater.
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Figure 16: Measuring the joint temperature of the test motor’s cable via thermal
camera
4.8 Insulation
There are three holes on the walls of the calorimeter . A hole is dedicated for the
balance heater cable connections, inlet and outlet water pipes, the Pt-100 sensors,
ventilation and a protection relay cable connections for the balance heater. In order
to reduce the hole heat-leakage, the hole is insulated as shown in Figure 17. The hole
Figure 17: Hole Insulation
is insulated by three Armaflex gasket layers, and the air gaps between the cables are
insulated by the Armaflex pieces. Furthermore, there are two holes for the test motor
cable connections and the shaft. Figure 18 shows the inner view of the wall of the
calorimeter which there are two holes for the shaft and test motor cable connections.
Figures 19 and 20 show the insulation for the cable connection of the test motor and
shaft respectively. Like the previous hole, the holes are insulated with three Armaflex
layers, and the gaps are filled with Armaflex pieces for the motor cable connections
hole. In order to prevent the shaft heat-leakage during the balance tests, which
basically happens due to the convection from the shaft hole and conduction due to
the conductivity of the shaft, a Finnfoam chamber covers the bearing house, the
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Figure 18: Holes for shaft and test motor cable connections inner view
Figure 19: Insulation test motor cable connection
shaft, shaft hole and test motor connection hole. Figure 21 shows how the Finnfoam
chamber covers the shaft, the shaft hole and the test motor cable connections when
the test motor is not coupled with the loading machine. During the balance test, the
Finnfoam chamber covers two holes. Nevertheless, during the actual test, the test
motor is coupled with the loading machine. Figure 22 shows the insulation of the
shaft during the actual tests, and when the test motor is coupled with the loading
machine. A Finnfoam chamber covers the bearing house where the shaft passes, the
gaps are covered with Armaflex pieces.
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Figure 20: Thermal insulation for the shaft hole with three Armaflex layers
Figure 21: Finnfoam chamber
Figure 22: Shaft insulation when the test motor is coupled with the loading machine
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5 Assessment During Assembling Process
5.1 Calorimetric Tests with Reference Heater
It is highly recommended to observe and justify the behaviour of the calorimeter,
before putting the test motor inside the chamber, and before making the holes for
the shaft and cable connections of the induction test motor, as the air temperature
inside the chamber might not be suitable for the test motor, and having more holes
on the walls lead to increase the heat-leakage. Figure 23 shows a side view of the
calorimeter, when there are balance heater and the heat-exchanger in the chamber,
while there are no test induction motor, shaft hole and cable connections hole for the
induction test motor. During the tests, total loss in the chamber entails the reference
Figure 23: Side view of the calorimeter with only one hole for the cable connections
heater loss, it’s fan loss, and the heat exchanger’s ventilation loss. The reference
heater’s fan has its own cable connection and it runs in all the tests. The total loss
during the tests can be expressed as:
Ptotal = Pfan,hex + Pfan,res + Pres (29)
Pvent = Pfan,hex + Pfan,res (30)
Ptotal = Pvent + Pres (31)
where Pfan,hex is the loss for the heat-exchanger’s fan, Pfan,res is the loss for the
reference heater’s fan and Pres is the reference heater loss. The reference heater’s fan
and the heat-exchanger’s fan power losses can be accumulated and represents the
ventilation power loss Pvent .
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Table 5: Test results
Pres(W) Pfan,res(W) Pfan,hex(W) Ptotal(W) PW(W) θCham(◦C) θamb(◦C)
1000 33.2 9.05 1042.25 1042.56 24.82 22.64
2000 33.2 9.05 2042.25 2012.52 41.18 21.65
3000 33.2 9.05 3042.25 2936.76 56.68 22.72
4000 33.2 161.5 4194.7 4148.97 36.06 24.07
Figure 24: Six DC fans used as the heat-exchanger ventilation
Table 5 shows the measured thermal energy of water PW, ambient temperature
θamb,the total loss, power loss components, and the average air temperature θCham
in the chamber. All the tests are executed with 5 Lmin constant water flow rate and
9.5◦C constant inlet water temperature. The total loss and the loss components are
measured through the power analyser. The loss components are constant, so power
analyser is accurate and reliable; therefore, if the water thermal energy is near to the
measured total loss via the the power analyser, the calorimeter results are accurate
as well.
Initially six DC fans have been mounted to one of the inner walls of the heat-
exchanger as shown in figure 24. The tests with 1 kW, 2 kW and 3 kW of reference
heater loss are done with the six DC fans. In the test with 3 kW of the reference
heater loss, the average air temperature inside the chamber is almost 56◦C, which is
quite high ambient temperature for the test motor. The average air temperature is
determined by four Pt-100 temperature sensors which are suspended in the chamber
with 20 cm off to each wall and the ceiling inside the chamber. In order to combat
this high air temperature, instead of six DC fans as the ventilation for the heat-
exchanger, a 161.5 W centrifugal fan shown in Figure 9 is mounted on the top of
the heat-exchanger. The test with 4 kW reference heater loss is done when the
centrifugal fan used as the heat-exhanger’s fan. It is observed when the total loss
is almost 4 kW, the calorimeter average air temperature is 36◦C which fulfills the
ambient temperature restrictions for motors.
The 37 kW test motor is 92% efficient, and it is expected at full-load the upper
limit for the total loss in the chamber is 4 kW. Hence, the calorimeter equipped with
the centrifugal fan can keep the air temperature below 40 ◦C for the test motor.
37
5.2 No-load Tests Without Additional Shaft
These tests are made with the test motor at no-load, when the motor is not coupled
with the additional shaft, and there is no shaft hole on the wall. The loss of the
induction motor at no-load can be measured reliably by the power analyser, since the
motor isn’t loaded with the loading machine, and the slip is almost zero. Comparing
the measured water thermal energy and power analyser results indicates how the
calorimeter is accurate. Table 6 shows the calorimetric measurements at no-load at
different water flow rates.
Table 6: No-load tests results without additional shaft
Ploss(W) Pvent(W) Ptotal(W) PW(W) V˙ ( Lmin) θCham(
◦C) θamb(◦C)
922.8 197 1119.8 1102.33 2 27.73 23.97
919 197 1116 1138.62 3 22.51 24.95
923.2 197 1120 1212.04 5 17.53 24.02
The results show how the water flow rate affects the chamber’s temperature.
Increasing the water flow rate brings about lowering the chamber’s temperature. The
measured coolant power PW(W) with 3 and 5 Lmin are higher than the measured power
through the power analyser, as the chamber’s temperatures in these experiments are
lower than the ambient temperature; therefore, there is a heat-leakage from ambient
to the chamber. Nevertheless, in the test with 2 Lmin the chamber’s temperature
is higher than the ambient temperature, so the heat-leakage flow direction is from
chamber to ambient, and the measured thermal energy of water is lower than the
measured power through the analyser. The thermal energy of water at no-load with 2
L
min water flow rate is 98.4 % accurate if the power analyser measurement is considered
as the reference.
5.3 No-load Tests With Additional Shaft
Unlike the previous tests, these tests are done at no-load when the induction motor
is coupled with the additional shaft, and there is a shaft hole on the wall, and the
shaft passes through the shaft hole. Nevertheless, the shaft is not coupled with the
loading machine. The following table shows the no-load test measurement results at
2 and 5 Lmin .
Table 7: No-load tests results with the additional shaft
Ploss(W) Pvent(W) Ptotal(W) PW(W) V˙ ( Lmin) θCham(
◦C) θamb(◦C)
1062.8 197 1259.8 1201.7 2 28.95 24.18
1138.5 197 1335.5 1344 5 18.4748 26.25
If the power analyser loss measurements are assumed as reference, the inaccuracy
of the measured thermal energy of water in the previous test is 1.6 %, When the
water flow rate is 2 Lmin . While, when the water flow rate is 2
L
min , and the additional
shaft is coupled with the test motor and passes through the shaft hole, the inaccuracy
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of the measured thermal energy of water is 4.6 %. The inaccuracy of the calorimeter
at no-load when the water flow rate is set at 2 Lmin is increased by 3 % , when the
shaft hole and the additional shaft are added to the calorimeter. It can be deduced,
the most heat-leakage occurs due to the shaft heat-leakage at no-load when the water
flow rate is 2 Lmin .
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6 Measurement
6.1 Actual Test
During the actual test or test run, the calorimetric measurements are conducted with
the test motor. The power loss of the test motor includes friction and windage losses,
stator and rotor resistive losses, and core losses. The last three losses are regarded
as the electromagnetic losses. The test motor loss can be expressed as:
Ploss = Pfw + Ps + Pr + Pfe = Pfw + Pem (32)
The total loss during the test run can be expressed as:
Ptotal = Pfw + Pem + Pvent + PCable (33)
During the actual test the fan of the balance heater runs to generate homogeneous
heat flow in the chamber. The ventilation loss Pvent includes the losses for the
heat-exchanger and the reference heater fans. Also, there are losses due to the cable
connections.
The rate of thermal energy of water during the actual test can be expressed as:
∆Qt = Ptotal ± qt (34)
The plus and minus sign for the heat-leakage indicates the heat-leakage flow direction.
When the chamber’s temperature is lower than the ambient temperature, the heat-
leakage flow is from ambient to the chamber; therefore, the coolant power ∆Qt
would be greater than the total loss in the chamber. Nevertheless, if the chamber’s
temperature is higher than the ambient temperature, the heat-leakage flow direction
is from the chamber to the ambient. In the latter case, the rate of thermal energy of
water is less than total loss Ptotal. When the chamber’s temperature is higher than
the ambient temperature, the rate of thermal energy is expressed as:
∆Qt = Ptotal − qt (35)
It is observed when the total loss is less than 2.5 kW in the chamber, and the water
flow rate is 5 Lmin , the chamber’s temperature is lower than the ambient temperature.
For the total losses less than 2.5 kW, the calorimetric tests are done with 2 Lmin water
flow rate, and above 2.5 kW total losses, the water flow rate is set at 5 Lmin . So, in all
tests, the chamber’s temperature is higher than the ambient temperature and the
heat-leakage flow direction is known.
6.2 Balance Test
The balance test is conducted with the balance heater to reach the same temperature
rise for the coolant as the actual test, with the same water flow rate. During the
balance test, the main heat source is the 6 kW balance heater. In order to pursue
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the same heat flow in the chamber during the balance tests and the actual tests, the
balance heater’s fan and the test motor’s fan run simultaneously. The test motor’s
fan runs while the test motor is not loaded, and it rotates with its rated speed at
low voltage.
During the balance test, there are five heat sources inside the chamber. The
first and the main one is the balance heater loss Pres. The balance heater’s loss
is controlled via an auto-transformer. The second one is the heat-exchanger’s fan
loss Pfan,hex. The third one is the balance heater’s fan loss Pfan,res. The forth is the
friction and windage loss of the test motorPfw including the bearing’s friction loss.
The test motor magnetic loss in this case is negligible. The fifth loss component is
the loss due to the cable connections. The friction loss for the bearing house outside
of the chamber must be subtracted from the measured loss of the test motor, as the
loss components in the chamber are considered in the measurements and calculations.
The total loss during the balance test is expressed as:
Ptotal = Pres + Pfw + Pvent + PCable (36)
The thermal energy of water during the balance test is expressed as:
∆Qb = Pres + Pfw + Pvent + PCable ± qb−walls ± qb−holes ± qb−shaft (37)
where ∆Qb represents the rate of thermal energy of water, and qb−walls, qb−holes,
qb−shaft are the heat-leakages for walls, holes and shaft respectively. Rate of thermal
energy of water can also be expressed as:
∆Qb = Ptotal ± qb (38)
Where qb is the total heat-leakage during the balance test. Balance tests are made
when the chamber’s temperature is higher than the ambient temperature, so the rate
of thermal energy of water can be expressed as:
∆Qb = Ptotal − qb (39)
When the rate of thermal energy and the heat-leakage during the balance test are
equal to the rate of thermal energy and the heat-leakage during the actual test, the
balance heater loss during the balance test is equal to the electromagnetic loss of the
test motor during the actual test.
6.3 Time Constant
Electrical engineers find it helpful to visualize the thermal model as an electrical
analog circuit. The first order equation of the thermal model has the same form as
the equation expressing the voltage rise in an electrical RC circuit[29]. The thermal
resistance and capacitance of the balance heater and the test motor are analogous to
the electrical resistance and capacitance. Response to the loss step can be solved
from the differential equation[30]:
Θ(t) = Θ0 + (Θ∞ −Θ0)(1− e−t/τth) (40)
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where Θ0 is the the temperature at initial time of the test, Θ∞ is the temperature at
infinite, and τth is the thermal time constant. During the balance test, the main heat
source in the chamber is the balance heater, so the time constant of the calorimeter
at balance test is oriented by the time constant of the balance heater.
Figure 25: Balance heater temperature rise
Figure 25 shows a Pt-100 sensor temperature measurements which is attached
to the steel protection frame of the balance heater to measure the temperature rise,
when the balance heater loss is 3kW. It takes almost 6 hours for the balance heater
to reach the steady state based on the calorimetric standards. The balance heater
temperature reaches steady state when its temperature does not vary more than
±0.3[31]. The time required to reach 63 percent of the the infinite or steady state
temperature describes the time constant:
Θ(τth) ∼= 0.63Θ(∞) (41)
where Θ(τth) is the temperature at time constant, Θ(∞) is the temperature in the
steady state or infinite. The time constant of the balance heater is about 40 min,
when its power is set at 3 kW.
The thermal time constant during the actual test is governed by the test induction
motor. There is evidence that relatively simple models can represent major phe-
nomena associated with thermal behavior of electric motors and drives[32]. Thermal
limit curves of induction motors are widely adopted in industry, and define safe
operating times for various levels of input currents, are fundamentally equivalent
to thermal protection based on the first-order thermal model[33]. Figure 26 shows
the temperature measurements of the drive end-end windings. The thermal time
constant for the test induction motor is almost 60 minutes when the motor is at
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no-load. The end winding’s temperature reaches to steady state in 8 hours. So, the
thermal time constant of the calorimeter is 8 hours.
Figure 26: Drive end-end winding temperature rise at no-load
6.4 Calibration Curves
Having a calibrated calorimeter prevents doing the balance test after each actual
test, and reduce the balanced calorimetery process time by half[34] . A calibration
curve can be obtained by several calorimetric tests conducted by the balance heater
at different power levels. The thermal energy of water is measured and sampled at
different power levels of the balance heater in the steady state.
It is observed when the total loss in the chamber is lower than 2.5 kW, and
the water flow rate is 5 Lmin , the chamber’s temperature is lower than the ambient
temperature. While, with 2 Lmin water flow rate, the chamber’s temperature is higher
than the ambient temperature for the range of total loss below 2.5 kW. In addition,
in order to keep the chamber’s temperature lower than 40◦ C, the water flow rate
must be set at 5 Lmin for the total losses higher than 2.5 kW in the chamber. Two
calibration curves with 2 and 5 Lmin for total losses less than 2.5 kW and higher than
2.5 kW are employed respectively. Then, all the tests have the same heat-leakage
flow direction. Figure 27 shows the calibration curve with 5 Lmin , and the deviation of
the measured samples from the fitting line of the calibration curve. The calibration
curve can be expressed as:
∆Qb = 0.9545Pres + 480W (42)
Equation 42 indicates water absorbs 95% and miss 5% of the total loss. Figure 28
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Figure 27: Calibration curve with 5 Lmin
shows the calibration with 2 Lmin water flow rate and deviation of the measured point
from the calibration curve’s fitting line. The calibration curve with 2 Lmin is expressed
as:
∆Qb = 0.956Pres + 422W (43)
The difference between the total loss and the rate of thermal energy of water
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Figure 28: Calibration curve with 2 Lmin
is due to the heat-leakage. Unlike the actual test, during the balance tests, the
loss components are measured reliably with the power analysers. Nevertheless, the
friction and windage losses of the test motor and the friction loss of the bearing
house are based on the estimation. The heat-leakage is estimated for the calibration
curve with 5 Lmin water flow rate. Figure 29 shows the heat-leakage is about 100 W,
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Figure 29: Heat-leakage at 5 Lmin
when the total loss in the chamber is 4 kW. Figure 30 shows the heat-leakage during
Figure 30: Heat-leakage at 2 Lmin
the balance test when the water flow rate is 2 Lmin . The heat-leakage is almost 90 W
when the total loss in the chamber is 2.5 kW. It is expected the actual tests and the
balance tests have almost the same heat-leakages.
There is a Pt-100 temperature sensor 20 cm off from the wall and 20 cm off
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Figure 31: Air temperature at the near point to the balance heater at 5 Lmin
from the ceiling where the reference heater is located. During the balance tests, the
temperature sensor measures the air temperature near to the reference heater as
shown in Figure 31. The air temperature is less than 40◦ C when the total loss is
4 kW while the water flow rate is 5 Lmin . It is expected the air temperature at the
near point to the test motor during the actual tests are similar to those during the
balance tests. The linear relationship of the air temperature and the total loss during
the balance tests is expressed as:
Tair = 6.3Ptotal + 14.56◦C (44)
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6.5 Results
The coolant reaches to thermal equilibrium or the thermal steady state condition
when the coolant power does not vary more than ±1% over a period of two hours or
the coolant temperature rise is constant within ±1% in one hour, while the mass flow
rate is constant. Moreover, the inlet coolant temperature or the winding temperature
of the test motor does not vary more than ±0.3◦C [31].
Figure 32: Temperature measurement data
Figure 32 shows the measured temperatures when the load torque is 201 Nm,
and the water flow rate is 5 Lmin . Two sensors measure the inlet temperature, two
sensor measure outlet temperature, six sensors measure the walls, floor and ceiling
temperatures.
Figure 33 shows the temperature measurements at six points of the test motor
measured by six Pt-100 sensors. Drive end-end windings temperature has the
highest temperature among other points. These temperature measurements are done
when the load torque is 201 Nm. Figure 34 shows the ambient and air chamber’s
temperature measurements when the load torque is 201 Nm. The temperature
measurements successfully fulfill the calorimeteric measurement criteria.
6.5.1 Heat Compensation Method
During the balance tests, the test motor is not loaded with the loading machine, and
a Finnfoam chamber covers all the shaft to prevent the shaft heat-leakage due to
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Figure 33: Temperature measurement of the test motor
the convection and the conduction. However, during the actual tests, the test motor
is loaded with the loading machine. The shaft insulation covers the bearing house
outside of the chamber, and prevents the shaft heat-leakage due to only convection.
The shaft temperature is measured at two points shown in Figure 35. The first point
is where the shaft is passing the wall inside the chamber, and the second point is
where the shaft is passed from the wall outside of the chamber. In order for accurate
shaft temperature measurement via a thermal camera, the steel shaft is sprayed with
black color at the points.
The distance between two points is 245 mm, the radius of the shaft is 30 mm,
and the thermal conductivity of the steel shaft is 54 WmK [35]. The heat-leakage due
to the conduction can be approximated as:
Q
∆t = −KA
∆T
d
(45)
where Q∆t is the rate of heat flow in W, K is the thermal conductivity of the material
in WmK , A is the surface area of the additional shaft in m
2, d is the distance between
the mentioned points, and ∆T is temperature difference between two points in K.
After each actual test, the temperature at these two points are measured, and
the heat-leakage due to the conduction are calculated and considered in calibration
curves. Considering the heat-leakage due to the conduction, makes the calibration
49
Figure 34: Air chamber and ambient temperature measurements
curve equation for 5 Lmin in a new form as :
∆Qb + qcond = 0.9545Pres + 480W (46)
where qcond is the shaft heat-leakage due to the conduction at 5 Lmin . Also, the
calibration equation for 2 Lmin is rewritten as :
∆Qb + q′cond = 0.956Pres + 422W (47)
where q′cond is the shaft heat-leakage due to the conduction at 2 Lmin . After each
actual test, the shaft temperatures at two points are measured in order to estimate
the heat-leakage due to the conduction. The shaft heat-leakage due the conduction
is 12 W when the water flow rate is 2 Lmin and the load torque is 103 Nm. When the
water flow rate set at 5 Lmin , and the load torque is 201 Nm, the shaft heat-leakage
is 7.7 W. In table 8, T1(◦C) and T2(◦C) are the measured shaft temperature at the
points where the shaft is passing the wall in the chamber, and the shaft after passing
the shaft insulation outside of the calorimeter respectively.
6.5.2 Electromagnetic Loss
Table 9 shows the electromagnetic loss of the 37 kW induction motor at different
loads, measured through calorimetric and input-output methods. The actual tests at
no-load and at 103 Nm torque are done with 2 Lmin water flow rate, as the estimated
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Figure 35: Using thermal camera to measure shaft temperature
Table 8: Compensated heat-leakage due to conduction
V˙ ( Lmin) M(Nm) T1(
◦C) T2(◦C) qcond(W)
2 103 57.4 45 12
5 201 54 38.1 7.7
total loss in the chamber is less than 2.5 kW. The test at 201 Nm load is done with
5 Lmin water flow rate, since the total loss in the chamber is higher than 2.5 kW.
Furthermore, third column shows the rate of thermal energy of water during the
actual tests.
Table 9: Electromagnetic loss of the 37 kW induction motor measured by the
calorimetric and input-output methods
M(Nm) V˙ ( Lmin) ∆Qt(kW) Pem(kW)Calorimetry Pem(kW)input− output
No-load 2 1.2020 0.816 0.77
103 2 1.5592 1.202 1.246
201 5 2.6433 2.274 2.23
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7 Conclusion and Future Work
7.1 Conclusion
The balanced water-cooled calorimeter is designed, constructed and calibrated for the
37 kW induction motor. Calorimetric measurements are made for the test induction
motor, and the electromagnetic power loss of the induction motor is measured at
different loads and no-load in both calorimetry and input-output methods. It is
observed at no-load tests, the shaft hole is the place where the highest heat-leakage
happens. The IEC 34-2 calorimetric standards are studied, and the calorimetric
measurements met the IEC 34-2 standards.
The thermal time constant of the calorimeter during the actual test at no-load is
almost 8 hours. The test motor has the highest thermal mass in the chamber, so
the thermal time constant of the calorimeter can be determined by the thermal time
constant of the test motor. The required time to reach 63% of the steady state end
windings temperature indicates the thermal time constant of the test motor.
If the rate of thermal energy of water and the heat-leakage during the actual test
are equivalent to those at the balance test, the balance heater loss during the balance
test is equal to the electromagnetic loss of the test motor during the actual test.
However, the heat-leakage during the actual test and the balance test are not equal
due to having the different placement, the different surface areas and the different
heat distributions of the test motor and the balance heater. Heat compensation
method is suggested to mitigate the heat-leakage difference during the actual and
the balance tests. During the balance tests, the shaft hole is entirely insulated by the
Finnfoam chamber to prevent the heat-leakage due to the convection of the shaft hole
and the conduction of the steel shaft. During the actual test, the Finnfoam chamber
covers the bearing house outside of the chamber and prevents the heat-leakage due
to the convection of the shaft hole. The heat-leakage due to the conduction of the
shaft can be estimated at each actual test by measuring the shaft temperatures at
points where the shaft passes the wall inside the chamber and the shaft passes the
insulation outside of the chamber. So, the calibration curve equations, make new
forms when the heat-leakage due to the conduction is added to the measured rate of
thermal energy of water.
7.2 Future Work
A closed-cycle water-loop is suggested for the water circuit with a water pump, and
a water tank. Firstly, the inlet water temperature is not affacted by the tap water.
Secondly, a closed water loop reduces the water consumption. If a calorimetric test
takes 7 hours and the water flow rate is 5 Lmin , almost 2100 L of water is required for
each calorimetric test.
In addition, the mechanical bearing houses and couplings could be replaced with
the electromagnetic coupling, since the mechanical bearings and coupling power loss
are not constant, and vary by the load torque and temperature [36] [37].
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Appendix
A Uncertainty in Power Measurement
If the heat capacity and water density are assumed constant, the uncertainty in
balanced-water cooled calorimeter is due to the three factors:
First, the uncertainty of the temperature sensor of the inlet and outlet of the
calorimeter. Second, the uncertainty in the water flow measurement, and third, the
difference of the heat-leakage during the balance test and the actual test. If the
water heat capacity and density are assumed constant, the coolant power is expressed
as a function of the inlet and outlet temperatures and the water flow rate.
PW = kV˙∆T = kV˙ (To − Ti) = f(V˙ , To , Ti) (A1)
Where the term k represents the constant value of the product of the water
heat capacity and density, and f indicates the non-linear relationship of the input
parameter V˙ ,Ti and To . For a variable y with ±α uniform distribution of error, the
standard uncertainty is defined as
u(y) = α√
3
(A2)
Table A1 shows the instruments errors and their corresponded standard uncer-
tainties when the measued coolant power is 2.643 kW and the tested motor’s torque
is 201.88 Nm. The combined uncertainty of the coolant power can be calculated as
the following equations:
uc(∆T ) =
√
u(Tin)2 + u(To)2 = 0.1774◦C
u(PW)
PW
=
√
(u(∆T )∆T )
2 + (u(V˙ )
V˙
)2 = u(PW)2.643kW = 0.024 (A4)
u(PW) = ±63.43W = 2.4% (A5)
If the difference of the heat-leakage between the balance test and actual test, and the
uncertainty of the power loss measurement of the reference heater through the power
analyser are neglected, the uncertainty of the balance water-cooled calorimeter is
2.4%, and the expanded uncertainty is 4.8%, when the torque of the test motor is
201.88 Nm close to the rated torque.
The difference of the heat-leakage during the actual test and the balance test is
due to the different placement of the reference heater and the tested motor[38]. In
addition, the reference heater and the test motor have different surface area, and as
a result they have different heat distribution which brings about the difference in
the heat-leakage.
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Table A1: Error of measurement
variable x i Estimate error ±α Standard Uncertainty u(xi)
Inlet Water Temperature T i 13.2
◦C ±(0.15 + 0.002Ti)◦C 0.1018◦C
Outlet Water Temperature T o 20.7◦C ±(0.15 + 0.002To)◦C 0.1105◦C
Water Flow V˙ 5 Lmin ±0.02 Lmin 0.0115 Lmin
